The recent Zika virus (ZIKV) and chikungunya virus epidemics highlight the explosive nature of arthropod-borne viruses (arboviruses) transmitted by Aedes spp. mosquitoes 1,2 . Vector competence and the extrinsic incubation period (EIP) are two key entomological parameters used to assess the public health risk posed by arboviruses 3 . These are typically measured empirically by offering mosquitoes an infectious blood meal and temporally sampling mosquitoes to determine the infection and transmission status. This approach has been used for the better part of a century; however, it does not accurately capture the biology and behaviour of many mosquito vectors that refeed frequently (every 2-3 d) 4 . Here, we demonstrate that acquisition of a second non-infectious blood meal significantly shortens the EIP of ZIKV-infected Aedes aegypti by enhancing virus dissemination from the mosquito midgut. Similarly, a second blood meal increases the competence of this species for dengue virus and chikungunya virus as well as Aedes albopictus for ZIKV, suggesting that this phenomenon may be common among other virus-vector pairings and that A. albopictus might be a more important vector than once thought. Blood-meal-induced microperforations in the virus-impenetrable basal lamina that surrounds the midgut provide a mechanism for enhanced virus escape. Modelling of these findings reveals that a shortened EIP would result in a significant increase in the basic reproductive number, R 0 , estimated from experimental data. This helps to explain how A. aegypti can sustain explosive epidemics such as ZIKV despite relatively poor vector competence in single-feed laboratory trials. Together, these data demonstrate a direct and unrecognized link between mosquito feeding behaviour, EIP and vector competence.
mosquito A. aegypti serves as a particularly efficient vector because it feeds predominately and frequently on human hosts (every 2-3 d), thereby increasing the frequency of host contact [7] [8] [9] [10] [11] [12] [13] . Nevertheless, in laboratory trials, A. aegypti populations from endemic regions often exhibit unexpectedly low vector competence values for their arboviruses, as measured by the proportion of mosquitoes that become infected and transmit a pathogen after ingesting virus [14] [15] [16] [17] [18] . This could be explained, in part, by the techniques used to assess vector competence. In these studies, mosquitoes were offered an initial infectious blood meal and not allowed to refeed on blood again before assaying them for virus transmission, as is standard practice for assessing vector competence. Therefore, these studies do not recapitulate the natural biology of mosquitoes that refeed frequently. It is possible that differences in feeding history could help explain the seemingly paradoxical nature of A. aegypti-transmitted arboviruses.
Once a mosquito ingests an infected blood meal, arboviruses must overcome multiple barriers within the mosquito for transmission to occur 19 . The virus must infect the midgut, disseminate out of midgut cells, traverse the basal lamina layer to the haemolymph and then infect the salivary glands before being transmitted to the next vertebrate host 20 . Failure of virus escape out of the mosquito midgut to the peripheral tissues has been identified as an important barrier to arbovirus transmission, but the underlying factors mediating this process are poorly understood 14, 15, [21] [22] [23] . Blood feeding triggers physiological changes within the mosquito-including mechanical distention of the midgut, apoptosis and regeneration of midgut epithelial cells, and altered permeability of the basal lamina-that could enhance or accelerate virus dissemination out of the midgut [24] [25] [26] [27] . On the basis these considerations, we evaluated the hypothesis that virus-infected mosquitoes fed an additional non-infectious blood meal will more effectively disseminate and transmit virus than mosquitoes fed only once.
To test this hypothesis, we provided A. aegypti with a second non-infectious blood meal 3 d after the infectious blood meal and compared virus infection and dissemination rates to those of mosquitoes that received a single blood meal (Fig. 1a ). Midgut infection prevalence of ZIKV was similar in the single-and double-feed groups, but the percentage of mosquitoes with disseminated ZIKV infection to leg tissues was significantly higher in mosquitoes Successive blood meals enhance virus dissemination within mosquitoes and increase transmission potential Philip M. Armstrong Letters Nature Microbiology receiving a second blood meal than those fed only once (Fig. 1b) . Enhanced virus dissemination did not occur when mosquitoes were fed a non-infectious blood meal before receiving a ZIKV infectious blood meal (Extended Data Fig. 1 ). This suggests that an established midgut infection is a prerequisite for the observed enhanced rates of virus dissemination following a non-infectious blood meal. 
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Temporal examination of this observation revealed that ZIKV disseminated more rapidly in the double-feed group than the singlefeed group, but the difference in dissemination rates disappeared by day 10 post-infection ( Fig. 1c ). The increase in dissemination correlated with an increase of ZIKV-positive saliva samples as the transmission rate regression line elevations (y intercepts) were significantly different (P = 0.01256) between the double-feed and single-feed cohorts, thus demonstrating enhanced early transmission potential ( Fig. 1d and Extended Data Fig. 2 ). The dissemination and transmission studies were completed in different laboratories using different strains of A. aegypti, further demonstrating the robustness of the double-feed observation.
To assess the impact of mosquito refeeding on vector competency for other arboviruses, A. aegypti were orally exposed to DENV type 2 (DENV-2) and CHIKV and then given a second blood meal. As with ZIKV, the proportion of mosquitoes with disseminated infections (DIs) for both DENV-2 ( Fig. 1e ) and CHIKV ( Fig. 1f ) was significantly increased compared to single-feed controls. The increased dissemination rates associated with doublefeeding resulted in a higher proportion of mosquitoes transmitting CHIKV to mice (Fig. 1h ). This demonstrates that the serial feeding behaviour of A. aegypti enhances transmission of taxonomically diverse arboviruses and suggests that the mechanisms mediating this observation may be applicable to other virus-mosquito pairings.
To evaluate whether our findings were unique to A. aegypti, we tested ZIKV rates of dissemination in a low-generation (F 5 ) colony of A. albopictus that also refeeds within a single gonotrophic cycle 28, 29 . As for A. aegypti, administration of a second non-infectious blood meal increased dissemination rates in A. albopictus (Extended Data Fig. 3 ). These findings suggest that under field conditions of frequent feeding, A. albopictus are more competent and could have contributed more to transmission during the ZIKV epidemic than previously thought.
To ascertain the basis of these findings, we determined whether an influx of energy-rich blood would promote viral replication and midgut escape. The number of virus genome equivalents was similar in mosquitoes regardless of feeding status (single-versus double-feed) or infection status (midgut-restricted infection versus DI) (Extended Data Fig. 4 ). Our data indicate that once ZIKV has established an infection in the gut, its ability to escape is not conditioned by enhanced viral replication. These findings are consistent with studies that found no correlation between midgut titres and dissemination rates 30, 31 but contrast with the findings of Kramer et al. that showed higher midgut titres in mosquitoes with disseminated western equine encephalitis virus infection 32 .
The midgut is encased in a proteoglycan extracellular matrix, termed the basal lamina, which provides protection and support to the epithelium. The pore size of the basal lamina is roughly 10 nm, . Samples were analysed by two-tailed t-test (P = 0.0008). c, The temporal binding profile of CHP binding to pools of five midguts per replicate following a single blood meal. Differences in CHP binding were determined using a one-way analysis of variance with a Dunnett's multiple comparisons post-hoc test. Precise P values and samples sizes can be found in the source data. d, Viral genome equivalents (GEs) per midgut of individuals intrathoracically inoculated (IT) with ZIKV (n = 14) or inoculated and provided with a blood meal (BM) at 3 dpi (n = 16). Midguts were assayed at 12 dpi by rT-qPCr and statistically analysed with a two-tailed t-test. e, Midguts from ZIKV-inoculated individuals with or without a blood meal assayed for ZIKV antigen at 12 dpi. representative images of two experimental replicates of ten individual midguts per group are shown. Images were acquired at original magnification, ×200 (scale bars, 100 µm). For b-d, the horizontal lines represent the means and the error bars represent the s.d. **P < 0.01; ***P < 0.001.
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Nature Microbiology yet the arboviruses tested in this study are 50-70 nm in size 33 . To determine whether blood-feeding alters basal lamina integrity, thereby accommodating transit of the larger virus particles, we performed scanning electron microscopy on A. aegypti midguts pre-and post-blood-meal. The basal lamina of unfed midguts appeared intact and ruffled, while the basal lamina of midguts at 24 h post-blood meal (hpbm) were distended and had clear signs of damage ( Fig. 2a ). By 72 hpbm, the integrity of the basal lamina was reconstituted. Temporal quantification of basal lamina damage was performed using a collagen hybridizing peptide (CHP) binding assay. CHP specifically binds to damaged collagen IV, a major component of the basal lamina ( Fig. 2b) . Consistent with the scanning electron microscopy data, the CHP binding assay revealed high degrees of binding within 15 min post-blood-meal (mpbm) and statistically significant elevated levels of binding up to 36 hpbm ( Fig. 2c ). By 48 hpbm, CHP binding levels had returned to preblood-fed levels, suggesting basal lamina repair. It has been proposed that blood-meal-induced basal lamina damage is due to enzymatic degradation 25 . However, our temporal data suggest that basal lamina damage is more likely the result of mechanical distention because it occurs immediately after blood engorgement. To evaluate how blood-meal-induced microperforations in the midgut basal lamina might affect virus transit, we performed a retrograde infection assay. ZIKV was intrathoracically inoculated into a cohort of A. aegypti and half were provided with a non-infectious blood meal at 3 d post-inoculation (dpi). At 9 d post-blood-meal, mosquito midguts were removed, ZIKV antigen was detected by immunofluorescence and ZIKV genome equivalents were quantified by quantitative PCR with reverse transcription (RT-qPCR). ZIKV titres were significantly higher in those provided with a blood meal ( Fig. 2d ) and clear signs of midgut epithelial infection could be detected in those provided with a blood meal, whereas ZIKV antigen could not be detected in the epithelium of non-blood-fed individuals ( Fig. 2e ). Together these data provide a likely mechanism by which arboviruses are able to disseminate from the mosquito midgut and explain how virus already seeded in the midgut can easily escape following acquisition of a second blood meal, while noninfectious blood meals provided before an infectious blood meal fail to enhance escape (Extended Data Fig. 1 ).
To quantify how a second blood meal would affect transmission of ZIKV by A. aegypti as measured by the basic reproductive number (R 0 ), we first modelled the distributions of the ZIKV EIP when mosquitoes were fed only one blood meal and again when they were fed a second non-infectious blood meal, using our experimental data on DI ( Fig. 3a) . We estimated the mean EIP to be 8.88 d (posterior standard deviation (PSD) = 2.94 d) when mosquitoes were fed only one blood meal and 7.33 d (PSD = 5.96 d) when mosquitoes were fed a second non-infectious blood meal (Fig. 3b ). The posterior probability that the mean for the single-feed EIP μ EIPSF À Á I was larger than that of the double-feed EIP (μ EIP DF I Fig. 5 ). The results were similar for the salivary gland infection (SGI) data and when comparing our double-feed data to an estimate of the single-feed EIP derived from a meta-analysis of published studies that temporally assessed ZIKV infection rates ( Fig. 3a) .
On the basis of our single-feed empirical distribution of the EIP, we estimated the mean R 0SF I μ R0SF À Á I to be 2.96 (95% credible interval (CI): 2.58-3.39), whereas when mosquitoes were fed a second blood meal following the initial infectious blood meal, the mean R 0DF 3c ). The distribution of R 0 values was consistent with published estimates based on seroprevalence and incidence data from different locations (Extended Data Fig. 6 ). The median difference in R 0 R 0 DF � R 0 SF ð Þ I was 1.03 (95% CI: 0.15, 2.25). The EIP was the first-or second-most influential parameter affecting the difference in R 0 according to our two sensitivity analyses (Extended Data Fig. 7 ). The estimated increase in R 0 following a second blood meal may help explain the magnitude of A. aegypti-vectored ZIKV epidemics despite the relatively low competence observed experimentally (after a single infectious blood meal) for this vector. Furthermore, our model predicted a greater epidemic potential of ZIKV (as indicated by R 0 > 1) in regions where the daily probability of mosquito survival is lower . Each data point represents the proportion of infected mosquitoes at a single time point in a given experiment; the radii correspond proportionally to both the sample size and weight in estimating the parameters of the CDF. For reference, we also estimated ZIKV dissemination rates in A. aegypti mosquitoes offered only one infectious blood meal based on data from seven published studies along with our own single-feed results (grey circles), and fitted a gamma CDF to the aggregated data (grey line). b, Posterior densities for the single-feed EIP (blue line) and double-feed EIP (red line) plotted with the corresponding means of the respective EIPs (dashed lines). c, The boxplots display the distribution of mean R 0 values for mosquitoes offered a single blood meal (blue) versus a second blood meal (red). The boxes represent the interquartile range of the mean R 0 values, the black line within the box marks the median and the whiskers indicate the 10th and 90th percentiles of the mean R 0 values.
(Extended Data Fig. 8 ). Thus, the potential range of ZIKV persistence may be slightly greater than previously estimated 34 .
This study establishes a connection between mosquito feeding behaviour and viral development within the vector that has direct impacts on the transmissibility and epidemic risk of arboviruses. We found that providing a second non-infectious blood meal to mosquitoes enhances viral dissemination from the midgut for a number of different virus-vector pairings. We propose that under field-relevant feeding regimens, viruses emerging from infected midgut epithelium cells can more readily traverse the basal lamina during subsequent feeding episodes as a result of bloodmeal-induced microperforations ( Fig. 4 ). During infection of the mosquito midgut, only a handful of cells are initially infected, but as the infection progresses, virus foci begin to expand, covering more of the midgut tissue 35 . If the initial infectious blood meal resulted in sporadic basal lamina disruption followed by partial repair, then growing virus foci will eventually overlap with regions of discontinuous basal lamina that could serve as a conduit for virus escape. The addition of a second blood meal would only increase the number of microperforations and thus increase the likelihood that virus foci will chance upon a basal lamina break before repair. This proposed model helps to explain how a second blood meal accelerates virus dissemination from an already established midgut infection.
One limitation of the current study concerns the use of artificial blood meals to feed mosquitoes. This method is commonly used for colony maintenance and for vector competence studies, and has advantages over the use of laboratory animals for convenience and for arboviruses such as ZIKV, DENV and CHIKV that do not produce infectious-level viraemias in easy to maintain animal hosts. Despite these advantages, the artificial feeding technique differs from natural blood feeding in ways that could potentially impact the results of this study. The technique requires the use of anticoagulated (defibrinated) blood that results in significantly lower arbovirus infection rates in mosquitoes than after feeding on viraemic hosts 36, 37 . To overcome this impediment, ZIKV and DENV were grown in mosquito cell culture rather than mammalian cells to generate virus titres that were greater than observed during human viraemias. Viruses grown in insect cells express different N-linked glycan residues on the surface of the envelope protein that could also affect virus infection of the mosquito midgut 38 . Nevertheless, our study shows the impact of sequential blood meals on arbovirus dissemination from the gut after initial infection. This occurs long after the initial infectious blood meal is ingested and therefore the source of virus, virus titre and method of blood feeding are unlikely to alter our findings.
The volume of blood ingested during the second blood meal could potentially affect our results by impacting biophysical changes to the basal lamina layer surrounding the mosquito midgut. Most mosquitoes were fully engorged after blood feeding on a membrane feeder; however, in nature, blood feeding can often be interrupted, resulting in partial engorgement, which could influence virus dissemination associated with multiple feedings. A previous study found that collagen IV declined equally in the midguts of partially fed versus fully engorged mosquitoes 25 ; however, it is unclear whether this reduction in collagen IV results in loss of basal lamina integrity or influences rates of dissemination. Further research is needed to evaluate the impact of blood meal volume on basal lamina integrity and virus dissemination rates to better understand the epidemiological significance of this phenomenon. As Aedes spp. mosquitoes acquire an infectious blood meal, the basal lamina underlying the midgut becomes compromised due to mechanical distention. Initially, only a few midgut cells become infected, but with time, viruses spread cell-to-cell, forming increasingly larger foci. Simultaneously, the basal lamina begins to partially repair. Eventually, the growing foci overlap with basal lamina microperforations, allowing viruses to bypass the basal lamina and enter the haemolymph. Acquisition of an additional blood meal would result in additional disruptions in the basal lamina, thereby increasing the likelihood that the growing virus foci will chance upon a break, resulting in earlier dissemination and transmission.
Taken together, our findings emphasize the importance of considering feeding behavioural traits when performing vector competence studies. Past studies may underestimate the risks of arbovirus transmission by measuring vector competence after only a single infectious blood meal.
Methods
Viruses, cell culture, mosquitoes and mice. Viruses used in this study included ZIKV (PRVABC59; GenBank: KU501215), DENV-2 (125270/VENE93; GenBank: U91870) and CHIKV (R99659; GenBank: KX713902). C6/36 A. albopictus cells were used to amplify ZIKV (final passage history = Vero-3, C6/36-1) and DENV-2 (C6/36-3), CHIKV (Vero-2) were grown in Vero E6 cells, and BHK-21 (clone 15) cells were used to titrate infectious blood meals. Cell cultures were maintained in minimal essential medium with 10% fetal bovine serum, 100 U ml −1 penicillin, 100 mg ml −1 streptomycin, l-glutamine, 25 mg ml −1 amphotericin B and sodium bicarbonate at 28 °C for C6/36 cells or 37 °C for Vero and BHK-21 cells with 5% CO 2 . C6/36 and BHK-21 cells were confirmed to be clear of mycoplasma. Colonies of A. aegypti (Orlando strain, collected from Orlando, FL in 1952 and Poza Rica strain, collected from Poza Rica, Mexico in 2016) and A. albopictus (Stratford strain, generation F 5 , collected in Stratford, CT, 2015) were maintained on defibrinated sheep's blood and reared under standard laboratory conditions 39 . Adult mosquitoes were housed at 27 °C in environmental chambers with a 14:10 light/dark cycle. Litters of suckling mice (mixed sex) from pregnant CD-1 mice were obtained from Charles River Laboratories. Statistical methods were not used to predetermine sample sizes. Litters of suckling mice were randomly assigned to cohorts of mosquitoes and individual suckling mice were randomly assigned to individual mosquitoes within the respective cohorts for the transmission studies. As for the mosquito samples, the right front leg of euthanized mice exposed to CHIKV-infected mosquitoes was collected by one group and provided to a second group for processing and data analysis. Group 2 was unaware of the order in which samples were given to them. Only after processing and data analysis were completed for each experimental replicate were Group 2 made aware of the sample order. Procedures for handling and care of animals were approved by and performed under the Animal Care and Use Committee at The Connecticut Agricultural Experiment Station (protocol no. P28-17).
Vector competence studies. A. aegypti and A. albopictus mosquitoes, 7-10 d post emergence, were offered an infectious blood meal containing a 1:1 mixture of defibrinated sheep's blood and virus. After feeding, mosquitoes were coldanaesthetized and engorged females were transferred into two 32-oz ice cream cartons containing a small cup with an egg-laying paper and housed in a 27 °C environmental chamber. Mosquitoes had access to 10% sucrose sugar meals during the incubation period. Ingestion of sucrose was shown to be diverted to the mosquito crop rather than the midgut and, therefore, will have no expected impact on midgut expansion and basal lamina permeability 40 .
At 3-7 d after the initial infectious blood meal, one of the two cartons was provided with a second non-infectious blood meal. Again, engorged females were collected and placed in a carton with a new egg-laying cup and provided access to 10% sucrose. Following variable EIPs, bodies, midguts, legs and salivary glands were collected and macerated in 250 µl PBS-G (phosphate-buffered saline with 0.5% gelatin, 30% rabbit serum and 1% 100× antibiotic-antimycotic (10,000 mg ml −1 of streptomycin, 10,000 U ml −1 penicillin and 25 mg ml −1 of amphotericin B)) with a copper BB using a mixer mill. The inverse feeds (Extended Data Fig. 1 ) followed a similar experimental design; however, the double-feed group received a non-infectious blood meal before receiving a ZIKVinfectious blood meal. Either freshly grown virus or frozen virus stocks were used to complete the studies. Initially, all of the ZIKV studies were performed with frozen stocks of ZIKV (4.8 × 10 6 plaque-forming units (p.f.u.) ml −1 ); however, in light of the poor midgut infection rates, all subsequent experiments were performed with freshly grown virus (1.0 × 10 6 -10 7 p.f.u. ml −1 ); C6/36 cells were infected at a multiplicity of infection of ~0.1 and collected at 4-5 d post infection. While this change in protocol did increase midgut infection rates, it did not alter the enhanced dissemination rate phenotype associated with multiple blood meals. For comparison, mean human viraemia titres of ZIKV were estimated in the 10 4 -10 5 genome equivalents ml −1 range 41,42 . DENV-2 was grown fresh on C6/36 cells (5 × 10 6 -3 × 10 7 p.f.u. ml −1 ) and frozen aliquots of CHIKV (4 × 10 6 p.f.u. ml −1 ) were used.
To evaluate ZIKV transmission by mosquitoes, saliva was collected in individual glass capillary tubes containing immersion oil type B. Salivation was allowed to occur for 25-30 min at room temperature. After salivation, the capillary tube was put into 100 µl Dulbecco's modified Eagle medium with 10% EquaFETAL (Atlas Biologicals) and 100 U ml −1 penicillin and 100 µg ml −1 streptomycin, and the tube was centrifuged at maximum speed for 5 min. Outbred mice are susceptible to CHIKV infection 43 and were used as host animals in CHIKV transmission experiments based on a previously published protocol 44 . Individual mosquitoes were allowed to feed on 5-d-old mice. Mice were euthanized 3 d after exposure to mosquitoes. The right front limb was removed from each mouse, homogenized in 500 µl PBS-G and tested for CHIKV infection by RT-qPCR.
Infection rates were determined and reported as follows. The midgut infection (MGI) rate represents the total number of virus-positive bodies divided by the total number of mosquitoes tested. Similarly, dissemination infection (DI) rates were determined by dividing the total number of virus-positive legs by the total number of virus-positive bodies. Transmission rates were calculated by dividing the total number of virus-positive salivary secretions or virus-positive recipient mice by the total number of virus-positive bodies. Viral RNA detection by RT-qPCR. Total RNA was extracted from 50 µl of mosquito tissue and body homogenates using the Mag-Bind Viral DNA/RNA 96 Kit (Omega Bio-tek) on a Kingfisher Flex automated nucleic acid extraction device (ThermoFisher Scientific) following the manufacturer's instructions. Samples were eluted in 50 µl double-distilled H 2 O. ZIKV RNA was detected in mosquito tissues using a previously described RT-qPCR primer-probe set (ZIKV 1087/1163c/1108 FAM) 45 . DENV-2 RNA was detected using a previously described primer-probe set spanning the 3ʹ UTR 46 and CHIKV RNA was detected using the previously described 6856F/6981c/6919-FAM primer-probe set 47 . The same RT-qPCR protocol was used to detect all three viruses. In brief, 25 µl reactions containing 2.5 µl of total RNA were assayed with the TaqMan RNA-to-C t 1-Step Kit (ThermoFisher Scientific) on a CFX96 Touch Real-Time PCR Detection System (Bio-Rad) using the following parameters: RT-50 °C for 30 min, 95 °C for 10 min, PCR-95 °C for 15 s, 60 °C for 1 min followed by a plate read (50 cycles). Data were analysed using the Bio-Rad CFX Manager 3.1 software. The cutoff value used for ZIKV-exposed samples to be considered positive by RT-qPCR was C t < 37. This cutoff value was empirically determined by comparing paired serial tenfold dilutions either inoculated on Vero cells or assayed by RT-qPCR (Supplementary Table 5 ). C t values <35 cycles were considered positive for CHIKV and <33 cycles for DENV-2. The use of RT-qPCR for scoring positives was validated by comparing RT-qPCR and cell culture isolation using salivary glands from ZIKVexposed A. aegypti. While the percentage positive rate determined by RT-qPCR was higher, the difference in infection rates between single-feed and double-feed samples was maintained ( Supplementary Table 6 ).
RNA standards were generated to quantify ZIKV RNA from mosquito midguts. Briefly, an ~680-base-pair fragment spanning the RT-qPCR primer set (positions 837-1520) was amplified with a forward primer containing a T7 promoter and a non-modified reverse primer. The amplicon was purified, sequenced and used as a template to generate RNA transcripts using the T7 Megascript Kit according to the manufacturer's instructions (ThermoFisher Scientific). RNA was quantified on a Qubit Fluorometer (ThermoFisher Scientific) and diluted to achieve serial tenfold genome equivalent dilutions. We detected 10 2 -10 7 ZIKV genome equivalents per reaction with a primer efficiency of 78.4% with an R 2 value of 0.971, a slope of −3.977 and a y intercept = 46.965.
Scanning electron microscopy.
A. aegypti mosquitoes, 7 d post emergence, were offered a non-infectious blood meal, sorted and housed as described in the main text. Ten midguts from unfed control and engorged mosquitoes were dissected at 24 and 72 hpbm and fixed in a 2% paraformaldehyde/2.5% glutaraldehyde solution containing 0.1% (w/v) CaCl 2 and 1% (w/v) sucrose buffered in 100 mM Na cacodylate (pH 7.3). Samples were fixed at 4 °C for 3 d and postfixed in 1% (w/v) OsO 4 in the same buffer at room temperature for 1 h. Fixed specimens were dehydrated through a graded ethanol and acetone series and imaged on a Hitachi Tabletop TM3030Plus scanning electron microscope.
Collagen hybridizing peptide assay. A. aegypti mosquitoes, 7 d post emergence, were provided a non-infectious blood meal. Midguts were temporally dissected from mosquitoes at 15 mpbm, 24 hpbm, 36 hpbm, 48 hpbm, 72 hpbm and 96 hpbm and fixed in a 2.5% glutaraldehyde and 2% paraformaldehyde solution for 24 h. Extra care was taken to not rupture engorged midguts during dissection. Baseline levels of CHP binding were determined with unfed midguts. Positive-control midguts included unfed midguts that were immediately heat denatured at 70 °C for 2 min before fixation. Midguts were grouped into five midguts per pool, each pool representing an experiential replicate of each time point. On fixation, midguts were washed three times in PBS and then incubated with fluorescein-labelled CHP (3Helix) diluted in PBS at a final concentration of 5 µM and incubated overnight at 4 °C. Subsequently, samples were washed three times in PBS and incubated with 1 μg μl −1 elastase in PBS for 2 h at 27 °C and agitated every 15 min. Samples were transferred to a black 96-well plate ensuring that midguts were not transferred and diluted 1:1 with PBS. Fluorescence was determined on a BioTek SYNERGY H1 microplate reader using the area scan feature with and excitation/emission of 485/515 nm.
Retrograde infection assay.
A. aegypti mosquitoes were intrathoracically inoculated with approximately 70 ZIKV p.f.u. At 3 dpi, half of the individuals were provided a non-infectious blood meal. Mosquitoes were housed for nine additional days, after which midguts were dissected. RNA was extracted and 15 samples from each group were assayed individually by RT-qPCR as described above. The remaining ten midguts were fixed in 4% paraformaldehyde overnight. Midguts were washed twice in PBS and stained with a 1:200 dilution of the mouse anti-flavivirus E-glycoprotein clone FE1 in blocking buffer (PBS + 5% BSA + 0.1% Letters Nature Microbiology Tween 20) and incubated for 1 h at room temperature. Midguts were washed three times in PBS + 0.1 Tween 20 and incubated with a donkey anti-mouse IgG conjugated to Alexafluor 488 diluted 1:200 in PBS + 0.1% Tween 20. Samples were washed three times in PBS + 0.1% Tween 20 and mounted on microscope slides with ProLong Gold Antifade with 4ʹ,6-diamidino-2-phenylindole (DAPI).
Statistical analysis of experimental data. The data were pooled from two to four independent replicates for each experiment involving mosquitoes. Statistical methods were not used to predetermine sample size. Differences in the proportion of mosquitoes with midgut infection, DI or SGI were analysed using Fisher's exact test. Standard error bars were determined by calculating the standard error of sample proportions. ZIKV transmission rate data were analysed by linear regression and evaluated for differences in slope and y intercept by analysis of covariance. Descriptive statistics are provided in the figure legends. All analyses were performed using GraphPad Prism statistical software.
ZIKV plaque assay. In addition to RT-qPCR, salivary secretions from ZIKVinfected A. aegypti were assayed by plaque assay to confirm the presence of infectious virus particles. Briefly, saliva from individual mosquitoes was diluted in cell culture medium and plated on sub-confluent monolayers of Vero cells. Cells were incubated for 1 h at 37 °C, after which a semi-solid medium overlay (Dulbecco's modified Eagle medium with 4% EquaFETAL, 2× Pen-Strep and 4 µg ml −1 amphotericin B, mixed with an equal volume of 1.2% tragacanth gum) (EquaFETAL, Atlas Biologicals) (tragacanth, MP Biomedicals) was added. Cells were incubated for 4-5 d at 37 °C in 5% CO 2 , and stained with crystal violet, and plaques were enumerated.
Estimates of EIP distributions for ZIKV.
We developed models to estimate the distribution of the EIP of ZIKV under both single-feed and double-feed scenarios. As the exact moment when a mosquito becomes infectious is not observable, observations of EIP for a particular vector-borne disease are generally reported as a range of days from the time when some proportion of mosquitoes first exhibit dissemination of the virus into the body or salivary glands following an infectious blood meal, to the time where a maximum proportion of mosquitoes exhibit DI or transmission 48 . Whereas transmission studies often report the EIP as a range of days, we attempted to quantitatively describe the distribution of the EIP for ZIKV using our experimental results, and compare these results to published experimental data, to more accurately assess changes in the EIP when mosquitoes are offered a second blood meal during the incubation period.
Published data on the EIP of ZIKV were collected by searching the relevant literature using Web of Science, PubMed and Google Scholar; search terms included 'Aedes aegypti' AND 'Zika' AND ('extrinsic incubation period' OR 'dissemination' OR 'salivary gland infection' OR 'competence' OR 'transmission'). We required that ZIKV infection data were collected on mosquitoes at three or more time points post-infection. Exclusions were not made based on language or date of publication. We attempted to account for sources of study variability (for example, ZIKV strain, utilization of fresh or frozen virus stock, and geographic origin of mosquitoes) in our models by incorporating a study-specific random effect. We identified nine papers in total that experimentally assessed ZIKV EIP in A. aegypti using traditional single-feed methodology ( Supplementary Table 1 ). We aggregated DI rate data for studies in which temporal infection data were collected on ZIKV dissemination to legs, wings or heads, including our own single-feed experimental results. Separately, we aggregated SGI rate data for studies in which temporal infection data were collected on ZIKV dissemination to heads, salivary glands or in salivary secretions.
We assumed that the EIP for ZIKV was gamma distributed and that the data on the proportion of mosquitoes with DI sampled after t days could be modelled according to a gamma cumulative distribution function (CDF) 48, 49 . We used a Bayesian framework to obtain estimates needed to parameterize the EIP distribution for ZIKV according to the formula:
where the gamma CDF is defined by the shape parameter α j and the rate parameter β j for dataset j, with j = 1 for the single-feed data and j = 2 for the double-feed data; Γ α j À Á I refers to the incomplete gamma function. We included an additional parameter ε i to account for inter-study variability when fitting the model to the DI and SGI meta-analysis data composed of observations from multiple studies. The observed number of mosquitoes with DI at time t in experiment i (x t,i ) was assumed to be binomially distributed with sample size (n t,i ) and a success probability (p t,i ):
x t;i binomial n t;i ; p t;i À Á
We selected weakly informative priors for α j (Gamma(0.001, 0.001)) and β j (log-normal(0, 0.001)), and assumed that ε i was normally distributed with mean 0 and variance τ; again, we specified a weakly informative Gamma(0.001, 0.001) prior for τ. Posterior distributions were estimated via a Markov chain Monte Carlo (MCMC) sampling algorithm implemented using JAGS, run from the statistical program R with the rjags package 50, 51 . The algorithm was run for 100,000 iterations with 5,000 burn-in iterations for two chains. We fitted the model to six datasets: the single-feed dissemination data (n = 7 observations from our experimental results); the double-feed dissemination data (n = 7 observations from our experimental results); the single-feed salivary gland data (n = 3 observations from our experimental results); the double-feed salivary gland data (n = 3 observations from our experimental results); the meta-analysis single-feed dissemination data (n = 38 observations from 7 published studies aggregated with our single-feed dissemination results); and the meta-analysis single-feed salivary gland data (n = 45 observations from 8 published studies). Convergence was assessed through visual inspection of trace plots and calculation of the Gelman-Rubin convergence diagnostic (97.5% quantile of R <1:1 I ) for all monitored parameters 52 . Using a thinned subset (10%) of each model's respective posterior shape and rate posterior distributions, we estimated the posterior distribution of mean EIP values as E[EIP] = α/β and Var(EIP) = α/β 2 for each iteration.
The models all showed clear indications of convergence, with a 97.5% quantile of R <1:007 I for all monitored parameters. We first compared the estimated EIP for our experimental results based on the dissemination data to those based on the SGI data. The estimated EIPs were similar: μ EIPSD;DI ¼ 7:3 d I , μ EIPDF;SGI ¼ 7:8 d I , while μ EIPSF;DI ¼ 8:9 d I , μ EIPSF;SGI ¼ 9:7 d I . However, the variance in the posterior distributions based on the salivary gland data was considerably greater due to the limited number of data points (n = 3) (Supplementary Table 2 ). We then compared the model results for the meta-analysis DI and meta-analysis SGI datasets. We found the posterior means to be similar for DI ( 1,DI = 3.89 and 1,DI = 0.34) and SGI ( 1,SGI = 3.78 and 1,SGI = 0.37). We then compared model results for the metaanalysis DI and meta-analysis SGI datasets. We found the posterior means to be similar: α 1dissem ). We also compared the aggregated single-feed dissemination data from the meta-analysis to our own single-feed dissemination data and found no significant difference in mean EIP estimates p μ EIPSF > μ EIPSF Meta jdata À Á ¼ 0:22 À Á I . We observed a large variability among studies in the literature on SGI rates over time (Extended Data Fig. 9 ) that did not appear to be attributable to the following study characteristics: mosquito strain, viral strain, viral titre, temperature or humidity during mosquito rearing, or fresh versus frozen viral stock. Notably, we observed a close similarity in posterior estimates of the mean EIP based on the dissemination and salivary gland data for both our experimental data and the meta-analysis (Supplementary Table 2 ). On the basis of these observations, as well as the fact that published studies exhibited more consistency in estimating dissemination rates (Fig. 3a) , and we had considerably more experimental data points to fit to the model for dissemination to legs/wings than to the salivary glands, we chose to focus our subsequent analysis exclusively on the dissemination data.
Summary estimates of the posterior distributions of the mean EIP for the single-and double-feed data from this study, along with the aggregated single-feed data from our meta-analysis, are listed in Supplementary Table 2 and plotted in Fig. 3a,b for the dissemination data.
We assessed the difference in the distributions by calculating the posterior probability that the EIP for the double-feed data was greater than that of the singlefeed data for the thinned subset of 20,000 random samples from the respective posterior distributions. The posterior probability that the aggregated mean singlefeed EIP (μ EIPSF Meta I ) was greater than the mean double-feed EIP μ EIPDF À Á I was 0.95; in other words, μ EIPDF I was less than or equal to μ EIPSF Meta I 5.0% of the time. The posterior probability that the single-feed EIP μ EIPSF À Á I was greater than the doublefeed EIP μ EIPDF À Á I was 0.96 based on our experimental data; that is, μ EIPDF I was less than or equal to μ EIPSF I 4.2% of the time.
Estimation of R 0 . To determine how the effect of multiple feeding episodes on EIP translates into the overall transmission potential of ZIKV, we estimated R 0 (defined as the average number of secondary human cases that a primary human case generates over the course of his or her infectious period in a fully susceptible population) under both single-and double-feed scenarios. We estimated the basic reproductive number for the single-feed scenario R 0SF ð Þ I according to the Ross-Macdonald model 53, 54 :
where m is the ratio of mosquito to human population density, a is the mosquito human-biting rate, p is the probability of daily survival for mosquitoes, b is the vector competence, N is the EIP, c is the probability that a mosquito is infected when biting an infectious human and r is the human recovery rate. The first expression in the above equation represents the vectorial capacity, whereas the ratio c/r represents the key human transmission parameters that dictate how the vectorial capacity relates to R 0 (ref. 54 ). The biting rate a is expressed intrinsically as the product of the time interval between blood meals and the proportion of mosquito blood meals on humans. Traditionally, and for our single-feed R 0 , a is squared to account for the necessity of two bites to transmit infection from an infected to a susceptible human. To calculate R 0 for the double-feed data (R 0DF I ), we modified this equation to examine the impact of an additional blood meal-which we assumed could come from an infected or uninfected human or non-human vertebrate-by multiplying by an additional factor a/h, where h is the proportion of blood meals taken from humans:
We parameterized our model for R 0 according to the current understanding of ZIKV transmission dynamics. When parameters specific to ZIKV transmission were not available or as yet understood, we informed the ranges from DENV studies, as ZIKV and DENV are arboviruses of the same Flavivirus genus, and are both spread by Aedes genus mosquitoes. Parameters were as specific as possible to A. aegypti, although ranges often accounted for what may also be observed with A. albopictus. As a conservative assumption (and consistent with our experimental finding that the difference in dissemination rates disappeared by day 10), we used values of the vector competence from the literature and assumed that b did not vary between the single-and double-feed models. Parameter values and ranges are summarized in Supplementary Table 3 . Parameter distributions are also specified, where triangular distributions signify the expectation that values close to the peak of the triangular distribution are more likely to occur ( Supplementary Table 3 ).
To estimate how R 0 changes with feeding behaviour, we used our posterior distributions for the EIP as input into the above equations, since we assert that the EIP is better represented by a gamma distribution than a single static value. For each of a thinned subset (10%) of MCMC posterior samples of the shape and rate parameters, and for each model (single-and double-feed), we generated 20,000 gamma random variables as input to calculate 20,000 respective R 0 estimates. We then found the mean R 0 for that particular parameter set, and repeated this process for each MCMC sample in the subset. We then compared the distributions of the single-and double-feed R 0 defined by the respective EIP distributions.
On the basis of the single-feed distribution of the EIP for our experimental data, we estimated the mean R 0SF I (μ R0SF I ) to be 2.96 (95% CI: 2.58-3.39), whereas when mosquitoes were fed a second blood meal following the initial infectious blood meal, the mean R 0DF I (μ R0DF I ) was 4.05 (95% CI: 3.22-5.17) (Extended Data Fig. 5 ). The mean R 0DF I was greater than the mean R 0SF I for 99.0% of the posterior samples
The median difference in R 0 estimates was 1.03 (95% CI: 0.15-2.25). We also estimated μ R0SF Meta I to be 2.97 (95% CI: 1.84-4.29) based on the single-feed data from our meta-analysis, and found that the mean R 0DF I was greater than the mean meta-analysis R 0SF I for 92.0% of the posterior samples. Finally, we considered the threshold of R 0 = 1, above which an epidemic can occur in a susceptible population, and found that, on average, 94.1% of R 0SF I estimates, 94.8% of R 0SF Meta I estimates and 85.1% of R 0DF I estimates were above this threshold. We compared our estimates of R 0SF I and R 0DF I to estimates of R 0 from the literature. We identified 41 estimates of R 0 for ZIKV from 22 studies. Studies were identified by searching Web of Science and PubMed; search terms included 'Zika' AND ('reproductive OR reproduction number' OR 'R naught' OR 'R0' OR 'transmission potential' OR 'generation interval'). The estimates of R 0 calculated in this study fell within the range of published estimates based on field data (Extended Data Fig. 6 ). We also noted a wide variation in estimates of the generation interval of ZIKV ( Supplementary Table 4 ), which is positively correlated with estimates of R 0 and has been shown to be a major source of uncertainty in R 0 estimates for ZIKV 55, 56 . Our results suggest that estimates of the generation interval of ZIKV based on natural history models may be upwardly biased, since they rely on estimates of the EIP based on single-feed experimental data. Thus, estimates of R 0 based on fitting to case report data may also be slightly upwardly biased. However, uncertainty in the generation interval used to estimate R 0 in the literature is much greater than the difference in the EIP that we estimated for the single-feed and double-feed experimental data.
Sensitivity analyses.
We assessed the sensitivity of the basic reproductive number estimates that resulted from variability in the input parameters N, a, m, b, p and h using two analyses. First, using a best/worst-case scenario approach, we held all parameters at their given or mean value ( Supplementary Table 3 ) and calculated the difference in R 0 between single feed and double feeds, R 0DF � R 0SF ð Þ ¼ 0:71 I . We then varied each parameter individually according to the lowest and highest values in its specified range while holding all other parameters constant at their mean or given value ( Supplementary Table 3 ) and assessed how the difference in R 0 between double-and single-feed estimates changed in magnitude from the initial difference. For the EIP estimates (N), we used our model results from the single-feed metaanalysis data because we felt they better represented the known variability in the distribution of EIP, as supported by numerous aggregated studies in addition to our own data. We found the most sensitive parameters to be the human-biting rate (a), the EIP (N) and the mosquito density (m) according to this analysis (Extended Data Fig. 7a ).
Next, for each parameter, we randomly sampled from its specified distribution ( Supplementary Table 3 ) while holding all other parameters constant at their mean or given value. For example, we took 10,000 random samples of m from the Unif(1,10) distribution as input for both the single-feed and double-feed transmission models and then examined the distribution of differences in R 0 R 0DF � R 0SF ð Þ I for each of the 10,000 iterations (Extended Data Fig. 7b ). According to this analysis, we found the three most sensitive parameters to be the EIP (N), the human-biting rate (a) and the probability of daily survival for mosquitoes (p), in that order. This analysis also sheds light on the anomalous behaviour of p; although random sampling generally resulted in R 0DF > R 0SF I , the long tail of the distribution of differences suggests that a minority (14.4%) of random samples of p resulted in R 0DF < R 0SF I , and the majority of samples resulted in a difference less than the constant R 0DF � R 0SF ð Þ I difference of 0.71. The largest values of R 0DF � R 0SF ð Þ I resulted from samples of p in the middle of its range.
We also plotted the relationship between R 0 and p (that is, the probability of daily survival of mosquitoes), as this parameter plays an important role in the variability of R 0 across different climates (Extended Data Fig. 8 ). For each value of p specified in Supplementary Table 3 , we generated 10,000 gamma-distributed estimates of the EIP as input to calculate 10,000 respective R 0 estimates, as previously described. At high values of p, R 0 is slightly larger for the single-feed model, although the overall magnitude of R 0 for either model is large and unlikely to be observed in a natural setting. At lower values of p, within the range where ZIKV epidemics have been observed, R 0 is slightly higher under the double-feed model (Extended Data Fig. 8a ) and is more likely to be greater than 1 (Extended Data Fig. 8b ). Our results therefore suggest that multiple blood meals in a natural setting may lead to greater persistence of ZIKV on the edges of observed transmission zones.
Finally, we performed a full probabilistic uncertainty analysis where we estimated the total uncertainty of the mean difference in R 0 between single-and double-feeds using Latin hypercube sampling. With this approach, we created a matrix of uniform random output of 10,000 samples using the R software randomLHS function as input to the quantile function for each parameter's specified distribution ( Supplementary Table 3 ) 57 . We then determined the distribution of R 0 values and removed those outside the 95% CI to maintain realistic estimates. The R 0SF I and R 0DF I histograms are shown in Extended Data Fig.  10a . The two R 0 distributions overlap significantly, but the mean value for R 0DF I is larger than that of R 0SF I . The distribution of R 0DF � R 0SF ð Þ I for each random sample is shown in Extended Data Fig. 10b . The distribution is skewed slightly to the right with a mean difference of 0.87. Note that in this analysis, we are implicitly assuming that all of the parameters-including the EIP for the single-and doublefeed models-are independent of one another, which is unlikely to be the case, but covariance of the different parameters is unknown.
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